Introduction {#sec1-1}
============

Sepsis develops in 750,000 people annually and remains a major cause of mortality with an estimated 200,000 deaths annually in USA.\[[@ref1]\] The understanding and treatment of sepsis has evolved considerably over the last few decades. The cornerstones of sepsis therapy however, remain the localization of the source of infection followed by prompt initiation of antibacterial therapy in conjunction with hemodynamic, respiratory and renal support.\[[@ref1][@ref2]\] Despite a vigorous and uncontrollably sustained inflammatory response to infection to septic patients, immune dysfunction is a notable feature of severe sepsis.\[[@ref1][@ref2]\] The implications of immune dysfunction in sepsis are considerable. Immune dysfunction predisposes septic patients to secondary infection that can delay recovery.\[[@ref1]\] In addition, immune dysfunction may delay restitution of the necessary milieu crucial to healing following severe sepsis and can potentially contribute to ongoing multi-organ dysfunction. Therefore, understanding the mechanisms of immune dysfunction and potential secondary implications are paramount in the management of the severely septic patient.

SIRS vs. CARS {#sec1-2}
=============

In 1991, the American College of Chest Physicians (ACCP) and the Society of Critical Care Medicine (SCCM) recognized that systemic inflammation accompanied severe infection and sterile trauma and introduced the term 'systemic inflammatory response syndrome' (SIRS) to connote the consequent inflammatory response.\[[@ref3]\] SIRS is defined when patients have 2 or more of the following clinical criteria: Body temperature \>38°C or \<36°C; heart rate \>90/min; hyperventilation evidenced by a respiratory rate of \>20/min or a PaCO~2~ of \<32 mm Hg, and a white blood cell count of \>12,000 cell/Ml or \<4,000 cells/Ml.\[[@ref3]\] Sepsis is defined as documented or suspected infection with evidence of systemic inflammation manifested by 2 or more SIRS criteria.\[[@ref3]\] In 1996, the concept of 'compensatory anti-inflammatory response syndrome' (CARS) was introduced.\[[@ref4]\] CARS was described as an immunological phenomenon occurring in sepsis characterized by the induction of several anti-inflammatory mechanisms.\[[@ref4][@ref5]\] However, the time course and intensity of evolution of anti-inflammatory mechanisms following an intense pro-inflammatory reaction is variable although immunoparalysis seems typical in patients surviving the initial hyper-inflammatory response.\[[@ref6]\] For understanding sepsis-related immunoparalysis, and the ensuing clinical complications, knowledge of mechanisms that underlie both the initial inflammatory response and anti-inflammatory response are important.

Pro-inflammatory Phase in Sepsis {#sec1-3}
================================

During sepsis, recognition of the pathogen by the host and initiation of pro-inflammatory response constitute key elements of the innate immune system reaction to the offending pathogen.\[[@ref7]\] Recognition of the pathogen by toll-like receptors (TLRs) is the best characterized mechanism for sensing gram-negative endotoxemia.\[[@ref8]\] Germ-line-encoded pattern recognition receptors (PRRs) in innate immune cells can identify a variety of pathogen-associated molecular patterns besides endotoxin.\[[@ref7]\] Four major categories for PRRs have been recognized: TLRs, Nod-Like receptors, C-type lectin receptors, and retinoic acid-induced gene.\[[@ref7]\] Innate immune germ-line coded receptors have therefore an ability to recognize a variety of microbiological molecular signatures that include peptidoglycans, mannans, bacterial DNA, double-stranded RNA and glucans.\[[@ref8]\] Following recognition, macrophage and dendritic cells engage in endocytosis by which bacterial products are processed for presentation on antigen-presenting cells.\[[@ref8]\] Alternatively, stimulation of TLRs on innate immune cells results in direct activation of cytokine pathways and particularly expression of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) mediated and stress-kinase cytokine pathways.\[[@ref8]\] The signal through TLRs produces various inflammatory cytokines, type 1 interferons, anti-microbial proteins, and chemokines.\[[@ref7]\] The exuberant pro-inflammatory response mediated by tumor necrosis factor, interleukin-1 (IL-1), IL-2, IL-6, IL-8, high-mobility group box-1 (HMGB-1), macrophage migratory inhibitory factor (MIF), nitric oxide (NO), platelet-activating factor (PAF), C3a-5a, prostaglandins and leukotrienes results in a horde of systemic effects secondary to diffuse activation of neutrophils with capillary damage, interstitial damage, fibrin deposition and organ damage\[[@ref9]\] \[[Table 1](#T1){ref-type="table"}\]. The intensity of the initial inflammatory response determines the likelihood of multi-organ dysfunction and shock that accompanies the septic response.\[[@ref9]\] Although, variations in TNF, IL-1 and PAI-1 polymorphisms may account for differences in the inflammatory response to sepsis, further work needs to be done to understand the wide spectrum of host human responses to infection.\[[@ref9]\]
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Shift to an Anti-Inflammatory Response {#sec1-4}
======================================

Following any systemic inflammatory response, an orderly transition to a hypo-inflammatory state and a restorative phase occurs.\[[@ref10][@ref11]\] Multiple mechanisms are believed to bring about the transition to a hypo-inflammatory state that helps limit the unbridled cytokine response that causes organ dysfunction and shock. These include the following

Gene-specific epigenetic reprogramming occurs within hours of TLR activation of the NF-κB-p65 dependent initiation phase to silence pro-inflammatory genes and activate anti-inflammatory pathways.\[[@ref11]\]With TLR-related energy burst, there are changes in NADH/NAD^+^ ratio that result in changes in cellular metabolism simulating "cellular hibernation" that parallels the adaptive phase of systemic inflammation.\[[@ref10]\] These metabolic changes occurring in conjunction with epigenetic reprogramming that follows the acute pro-inflammatory phase pave the way for the hypo-inflammatory phase of sepsis.\[[@ref10]\]

Anti-Inflammatory or Immune Dysfunction Phase {#sec1-5}
=============================================

Following the onset of hypo-inflammatory phase, a period of immune dysfunction dominates \[[Figure 1](#F1){ref-type="fig"}\]. Three main processes account for the immune dysfunction
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Anergy: Impaired response to antigen with decreased release of cytokines in T-cells is a major cause for immune dysfunction occurring during sepsis.\[[@ref12][@ref13]\] Aberrant responses to bacterial stimuli are also found in cells of the innate immune system with both splenic and lymph nodal dendritic cells demonstrating a decreased ability for IL-2 synthesis and T-cell activation.\[[@ref14]\] In addition, loss of macrophage expression of major histocompatibility complex (MHC)class II and co-stimulatory molecules contribute to monocyte dysfunction and the decrease in CD14/HLA-DR co-expression correlates with degree of immunoparalysis and confers a poorer outcome in severe sepsis.\[[@ref15]\]Shift to anti-inflammatory cytokines: A shift to IL-10 production in monocytes occurs following the pro-inflammatory phase and this shift is initiated by high TNF-α levels.\[[@ref16]\] A prominent role for programmed death-1 (PD-1) protein is being ascribed for maintaining the immunoparalysis of sepsis, especially in HIV patients.\[[@ref17]\] PD-1 stimulates IL-10 production with subsequent impairment of T-cell proliferative responses and sensing.\[[@ref17][@ref18]\] A number of other cytokines have been implicated in the anti-inflammatory response in sepsis-related immunoparalysis \[[Table 1](#T1){ref-type="table"}\].Death of immune cells: Autopsy studies for patients died of sepsis show a profound, progressive, apoptosis-induced loss of cells of the adaptive immune system.\[[@ref12]\] As compared to necrosis that occurs from an acute metabolic disturbance (and consequent ATP depletion), apoptosis represents the execution of an ATP-dependent death program that is triggered following death receptor activation.\[[@ref19]\] Apoptosis is not associated with inflammation and therefore induces anergy and an anti-inflammatory state whereas rupture of the necrotic cells incites an inflammatory response that causes immune stimulation.\[[@ref12][@ref19]\] Apoptosis is prominent in CD4 T-cells, B-cells, natural killer cells and follicular dendritic cells in septic patients.\[[@ref12][@ref20]\] Two pathways for apoptosis have been identified, both of which converge to caspase activation. Death-receptor pathway: Following ligation by members of the TNF-receptor family with an intracellular death domain there is recruitment of the protein Fas-associated death domain (FADD).\[[@ref21][@ref22]\] FADD recruits caspase-8 activating it and thereby the downstream executioner caspases 6 and 7.\[[@ref21][@ref22]\]Mitochondrial-mediated pathway: Bcl-2 activation protects against apoptosis and loss of Bcl-2 gene occurs in tumors with consequent loss of apoptotic regulation.\[[@ref22]\] Among the Bcl-2 family of proteins, those with BH3 domains can neutralize the anti-apoptotic members and can cause increase in mitochondrial cell membrane permeability with release of cytochrome c and activation of caspase-9. \[[@ref21][@ref22]\]

Markers of cell death in the form of caspase-specific proteolytic activity measurements in serum can provide a window into the intensity of ongoing apoptosis vs. necrosis during sepsis.\[[@ref19]\] Although, apoptosis may be important in immunoparalysis that accompanies dropout of cells in the innate and adaptive immune system, organ dysfunction as manifested by liver impairment may occur from necrotic mechanisms.\[[@ref23]\] This was demonstrated in a study measuring caspase-cleaved and uncleaved cytokeratin-18, a protein marker of cell death originating from hepatocytes, renal, intestine and lung parenchymal cells.\[[@ref23]\]

Implications of Immunosuppression {#sec1-6}
=================================

Although apoptosis of monocytes and other immune cells in early sepsis may be a mechanism of abrogating the deleterious effects accompanying the hyper-inflammatory phase,\[[@ref24]\] the resulting profound immunoparalysis that follows has its own serious consequences on the septic host. The duration of immunoparalysis depends on various factors including the type, location and severity of infection,\[[@ref25]\] age of the patient\[[@ref8][@ref26]\] and co-morbidities (with cancer and organ failure prolonging duration of immunoparalysis\[[@ref27]\]). Although, the intensity of the initial inflammatory response as measured by the levels of cytokines can be a prognosticator of survival, the key factors affecting recovery remain organ dysfunction and shock in sepsis,\[[@ref28]\] and the duration and intensity of immunoparalysis\[[@ref12]\] \[[Figure 1](#F1){ref-type="fig"}\]. Immunoparalysis following sepsis leads to secondary infections that also perpetuates the failure of recovery of organ function following the initial pro-inflammatory response. Whether immunoparalysis has any direct effects on the recovery of organ function following sepsis remains to be shown.

The effects of sepsis-related immunoparalysis may be compounded in the elderly due to a number of reasons. Elderly patients exhibit an increased susceptibility to both infection and to the development of septic shock; these stem from a number of immune defects that occur with aging.\[[@ref8][@ref26][@ref29]\]

Abnormalities in innate immune cells include decreased TLR expression, decreased mitogen-activated protein kinase activity with decreased production of TNF-α and IL-6Reduction in natural killer cell lytic activity with decreased interferon-γ (IFN- γ) production in response to cytokinesDecreased oxidative radical generation in neutrophils and monocytes/macrophagesShift from Th1 to Th2 cytokine profile, poor helper T-cell function for B-cells and decreased humoral response to neoantigensDisproportionate increase in apoptosis in elderly septic patients.

Immune senescence has important implications in the care of septic elderly patients. Although, this explains an increased susceptibility to septic shock and mortality in the elderly,\[[@ref26]\] there may be modifiable factors specific to elderly that enhance immune function during bouts of sepsis and improve outcomes.\[[@ref29]\] Given the rising population of septic elderly patients in intensive care units (ICUs)s,\[[@ref30]\] there needs to be further work in understanding immune factors that predispose these patients to chronic critical care illness.\[[@ref30]\]

Secondary Infections in Patients with Sepsis-Related Immune Dysfunction {#sec1-7}
=======================================================================

Bacterial infections {#sec2-1}
--------------------

Critically ill patients are susceptible to a variety of bacterial infections usually accessing the human body along inserted tubes and catheters. Among various infections, ventilator-associated pneumonia (VAP) remains a secondary complication with a high morbidity and mortality.\[[@ref31]\] Given the inevitable immunoparalysis seen following sepsis-related critical illness, measures to reduce the incidence of VAP by decreasing bacterial colonization and entry into the lungs are paramount.\[[@ref32]\] The organisms causing VAP range from common commensals in the oropharynx to resistant pathogens such as Pseudomonas, Acinetobacter, methicillin-resistant *Staphylococcus aureus* and Stenotrophomonas and this attests further to impairment of a broad range of immune defenses.\[[@ref33]\] Occurrence of a VAP can add to the lymphocyte and monocyte apoptosis and further the immunoparalysis engendered by the primary bout of sepsis.\[[@ref34]\] The occurrence of VAP may be predicted by sequential measurement of IL-6 levels which has been shown to discriminate VAP from other causes of pulmonary infiltrates.\[[@ref35]\] Similar to adults, nosocomial pneumonia in children is correlated with degree of immunoparalysis as defined by whole blood *ex vivo* lipopolysaccharide (LPS) induced tumor necrosis factor α (TNFα) response \<200 pg/ml.\[[@ref36]\] In the latter study, administration of granulocyte-macrophage colony stimulating factor (GM-CSF) in small group of patients restored lipopolysaccharide-induced TNFα response to more than 200 pg/ml and prevented nosocomial infections.\[[@ref36]\] Additionally topical therapy with IFN-γ may improve monocyte anergy\[[@ref37]\] and may have the potential to improve local defenses and prevent VAP.

Viral infections {#sec2-2}
----------------

The occurrence of reactivation of cytomegalovirus (CMV) and herpes simplex virus-1 (HSV) infections in critically ill patients is further attestation to the impairment of innate and adaptive defects occurring secondary to sepsis-induced apoptosis.\[[@ref6]\] CMV and HSV reactivation are associated with prolonged ICU hospitalizations.\[[@ref38][@ref39]\] In addition, HSV and CMV reactivation in ICU patients are markers of poorer ICU outcomes with patients reactivating these viruses having prolonged ventilator stays and increased mortality.\[[@ref40][@ref41]\] An increased risk of secondary bacterial infections (especially nosocomial pneumonia) has been noted with both HSV and CMV reactivation that may reflect local injury from herpetic or CMV disease or underlying systemic immune dysfunction secondary to critical illness.\[[@ref42][@ref43]\] Although, sepsis-related immunosuppression may be an obvious cause for reactivation of the herpes family of viruses in critically ill patients, animal models of CMV infection show a wide variety of triggers for the reactivation ranging from stress, bacterial sepsis, and TLR4 signaling.\[[@ref44]\] Mechanisms of viral reactivation are however, complex with difficulty in predicting at-risk populations and further studies are required to elucidate the pathobiology of HSV and CMV reactivation in ICU patients.\[[@ref44]\] Given the high prevalence of herpes reactivation (accounting for 30% of respiratory pathogens in mechanically ventilated patients\[[@ref45]\]) and CMV reactivation (in 33% of patients on ventilator \>12 days\[[@ref46]\]) in ICU patients, understanding and treatment of viral infections are important for improving outcomes.

Fungal infections {#sec2-3}
-----------------

Invasive fungal infections from Candida spp. are increasingly common in ICU patients, especially following mechanical ventilation and accompanying infection with gram-negative or gram-positive bacteria.\[[@ref47]\] Multiple studies have detailed clinical, microbiological and pharmacological factors predisposing patients to invasive fungal infections.\[[@ref47][@ref48][@ref49]\] Besides these, both genetic variations in mucosal immunity\[[@ref50]\] and systemic caspase and cytokine activity\[[@ref51]\] are being investigated to explain susceptibility to invasive candidiasis. A recent 2-hit murine model of cecal ligation and puncture followed by challenge with C. albicans showed that susceptibility to candidiasis varied with time after initial septic episode and this correlated with the degree of immunosuppression.\[[@ref52]\] Further studies on local and systemic immune defenses against fungal infections are needed to develop effective immunotherapy for fungal prophylaxis in septic patients.

Immunomodulating Therapies in Sepsis {#sec1-8}
====================================

In the current era of critical care, majority of patients (except those dying from fulminant meningococcemia or pneumonia) can be supported through their initial hyper-inflammatory phase of sepsis following which they enter into a phase of sepsis-related immunoparalysis.\[[@ref12]\] Therefore, current approaches are directed more toward the modulation of cytokine and cellular factors in an attempt to alleviate the degree of immunoparalysis and foster restitution in septic patients. Although, such interventions may be associated with a risk of worsened outcomes as with anti-TNF and anti-IL-6 therapies in early pro-inflammatory phase of sepsis,\[[@ref53]\] preliminary studies indicate favorable effects with blockade of anti-inflammatory mechanisms for sepsis-immunoparalysis in both murine and human subjects.

Experimental studies of immune-modulation for sepsis-related immunoparalysis {#sec2-4}
----------------------------------------------------------------------------

Studies using models of cecal-ligation and puncture (CLP) and Pseudomonas pneumonia have pursued the basis that apoptosis of lymphocyte and mononuclear cells results in impairment of innate immunity and also of the cross-talk between the adaptive and innate immune systems and that prevention of lymphocyte apoptosis may result in improved survival from sepsis. Given IL-15\'s pluripotent effects on both the innate and adaptive immune system, administration of IL-15 was shown to improve survival in both CLP and Pseudomonas pneumonia murine models.\[[@ref54]\] In addition, IL-15 reduced sepsis-induced NK cell, CD8 T-cell and gut epithelial cell apoptosis along with increasing circulating IFN-Y and anti-apoptotic Bcl-2.\[[@ref54]\]Attempts to modify Bcl-2 anti-apoptotic pathway have used the novel ability of TAT-conjugated pathways to internalize into cell and reduce apoptosis. In this regard, utilization of TAT-conjugated Bcl-xL (particularly it BH4 domain-another member of the anti-apoptotic Bcl-2 pathway) reduced apoptosis in both *in vitro* CD3 T-cells treated with *E. coli* and *in vivo* mice subjected to CLP.\[[@ref55]\] Although, caspases are critical to the mediation of apoptosis, the use of caspase inhibitors in sepsis requires careful consideration given the broad array of effects that these agents exert on cellular proliferation and differentiation.\[[@ref56]\]The finding that IL-10 is a key anti-inflammatory molecule\[[@ref1][@ref57]\] has led to the demonstration that the use of nontoxic immunomodulator AS101 in CLP models of sepsis.\[[@ref58][@ref59]\] This IL-10 mediated immune suppression occurs through specific population of T-CD4+ 25+ regulatory cells and in mice depleted of CD25+ T-cells, there was improved Th1 cytokine release without alteration of pro-inflammatory cytokines following CLP.\[[@ref60]\]Other approaches have utilized the administration of antibodies against critical regulatory proteins that down-regulate cytotoxic T-cell proliferation and activation; both cytotoxic T-lymphocyte antigen 4 (CTLA-4) and PD-1 inhibit CD28 mediated co-stimulation. Antibodies against CTLA-4 and PD-1 in murine CLP models show improved sepsis outcomes.\[[@ref61][@ref62]\]

Clinical trials of immune-modulation for sepsis-related immunoparalysis {#sec2-5}
-----------------------------------------------------------------------

The initial results with immuno-modulating therapies addressing the TNF and IL-1 pathways have tempered efforts to find biological mediator-based treatments in patients with sepsis.\[[@ref63]\] Given the complexity of inflammation in sepsis and temporal variations in immune status, it has been recommended that efforts to understand the immune status in sepsis patients will help substantially in addressing the timing and nature of immune-targeting therapies.\[[@ref64]\] Meta-analyses of human studies using granulocyte-colony stimulating factor (G-CSF) and GM-CSF for sepsis have shown no clear-cut benefit in terms of mortality but do demonstrate improved reversal rates from infection.\[[@ref65][@ref66]\] Further studies looking at G-CSF or GM-CSF therapy based upon monocyte HLA-DR patterns in sepsis are needed. Similarly, studies on IFN-γ in carefully selected patients with low monocytic HLA-DR expression have shown improvement in the deficient HLA-DR expression and cytokine profile of septic patients.\[[@ref37]\] A recent study measured cytokines, monocyte HLA-DR and lymphocyte subset counts following LPS injections to healthy volunteers.\[[@ref67]\] In between LPS injections that were given 6 days apart, volunteers received placebo, IFN-γ and GM-CSF.\[[@ref67]\] Placebo intervention resulted in immunoparalysis manifested by reduction in LPS-induced TNF-α levels following second LPS injection although IL-10 responses were not significantly changed.\[[@ref67]\] IFN-γ treatment between LPS administrations showed improvement in LPS-induced TNF-α responses, reduction in IL-10 levels and improved monocyte HLA-DR expression that were statistically significant; whereas similar patterns were seen with GM-CSF intervention, they did not reach statistical significance.\[[@ref67]\]

Conclusion {#sec1-9}
==========

Understanding of sepsis-induced immune dysfunction offers vast opportunities for improving the mortality and morbidity from prolonged ICU stays and secondary infections. Measurement of cytokine profiles,\[[@ref68]\] monocyte HLA-DR expression,\[[@ref15]\] whole blood *ex vivo* LPS-induced TNF-α secretion\[[@ref36]\] all afford exciting prospects of estimating the state of relative immune dysfunction in the septic patient. Although, timing of immunostimulant therapy may be critical, a horde of novel therapies are under investigation for improving outcomes from severe sepsis and septic shock.\[[@ref18][@ref69]\] Given the compelling evidence that nearly two-thirds of deaths from sepsis occur in the late phase of sepsis due to secondary opportunistic bacterial and fungal infections,\[[@ref70]\] there is an urgent need to resolve mechanisms that underlie sepsis-related immunoparalysis. This is especially necessary given the burgeoning population of patients with chronic critical care illness that have prolonged stays in ICUs due to failure of recovery from sepsis and secondary infections.\[[@ref71]\]
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